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I 
 
摘要 
室温离子液体是一类完全由阴、阳离子组成的物质，且在室温或室温附近呈
现液态。与传统电解质溶液相比，它具有电化学窗口宽、蒸汽压低、沸点高以及
电导率良好等优势，目前已在电化学等诸多领域有广泛的应用。离子液体具有迥
异于水溶液体系和有机溶剂体系的特点，因而“电极/离子液体”界面结构与“电极
/水溶液”界面结构截然不同。近年来的研究结果表明，离子液体在电极表明会自
发形成多层阴、阳离子相间的层状结构，且表现出对电位的依赖性。但目前对这
种层状结构的研究还停留在单种离子液体与电极间的相互作用，但离子液体具有
可设计性且种类繁多，其本身的组成结构对离子液体层状结构影响的系统研究尚
未被报道。另外，在离子液体中加入氧化还原物种，表面电荷转移过程对其层状
结构特征的影响还未见报道。因此，系统探究不同结构的离子液体在单晶电极表
面的“层状结构”以及含有氧化还原物种及其反应发生时的界面双电层具有非常
重要的意义。 
本论文结合电化学原子力显微镜（EC-AFM）的力曲线技术和电化学方法，
系统研究了三种不同烷基侧链长度的咪唑阳离子构成的离子液体以及在离子液
体中加入氧化还原物种后在 Au(111)电极表面层状结构数目、力值和厚度随电位
的依赖性关系，以期获得不同侧链长度的阳离子在界面双电层区间内的排布形态，
以及氧化还原物种加入对离子液体界面双电层排布形态的影响，进而建立“电极/
离子液体”界面结构模型。 
1. 咪唑阳离子烷基侧链长度对 Au(111)/离子液体界面结构的影响：选择三种
阳离子烷基侧链不同的离子液体 EMITFSA、BMITFSA 和 OMITFSA，结合循环
伏安曲线、零电荷电位（PZC）和 AFM 力曲线技术，探究其界面的电化学行为
并分析了在 PZC 电位以正和以负区间内三种离子液体层状结构数目、厚度和稳
定性等结构特征，并建立了力-电位曲线。结果发现：（1）层状结构数目与侧链
长度有关，侧链越短，层数越多。（2）不同侧链长度的离子液体体系最内层层状
结构的 F-E 曲线形状基本相似：在 PZC 电位附近，阴、阳离子排列不紧密，稳
定性差；电位负（正）移，电极表面带负（正）电荷，阳（阴）离子紧密吸附，
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层状结构排列紧密，稳定性好；电位继续负（正）移，电极表面带更多的负（正）
电荷，导致离子超出晶格饱和度，层状结构数目增多，但同种离子间排斥作用增
强，导致稳定性降低。（3）四种不同的阴、阳离子与 Au(111)基底的作用力存在
差异，其顺序为：EMI+<BMI+<TFSI-<OMI+；在负电位区间，阳离子侧链越长，
作用力越大，碳链间的相互作用形成一种疏溶剂力，层状结构耐受力增加；在正
电位区间，最内层除了阴离子外还有少量阳离子，三种阴离子相同的离子液体在
正电位区间力值仍存在差异。侧链越长，作用力越大，且相较于负电位区间，
EMITFSA 和 BMITFSA 体系的力值更大，这是因为 TFSI-与表面作用力比 BMI+
和 EMI+更大。 
2.氧化还原物种及其反应对离子液体层状结构特征的影响；选择 Fc+/Fc（二
茂铁）氧化还原电对为探针分子，研究 EMITFSA、BMITFSA 和 OMITFSA 三种
离子液体中含有二茂铁时的Au(111)/离子液体界面结构。运用AFM 力曲线技术，
分别在二茂铁氧化还原区和非氧化还原区，测量氧化还原电对存在下界面的动态
和静态结构，对层状结构的数目、厚度和稳定性进行分析并与纯离子液体体系进
行对比，建立了力-电位分布图。结果发现：（1）二茂铁加入会减小离子液体双
电层层状结构数目，侧链越长，影响越大，表明二茂铁会挤入双电层区间内，影
响阴、阳离子的有序排布。（2）在二茂铁发生反应的区间内，双电层结构的耐受
力增加，表明二茂铁分子很可能通过其茂环π电子与阴、阳离子发生相互作用，
导致阴、阳离子间相互作用增强，层状结构耐受力增大。（3）二茂铁的加入会改
变离子液体层状结构的厚度，对于侧链短的离子液体，二茂铁直接进入阴、阳离
子空隙，且与阴、阳离子发生相互作用，导致排布更紧密，厚度减小；对于侧链
长的离子液体，二茂铁需要通过阳离子打开缠绕的侧链让二茂铁分子进入，导致
厚度增大。 
3. Ag(111)/离子液体界面结构及咪唑阳离子烷基侧链长度的影响。现有工作
中发现在离子液体中，Au 单晶电极会发生表面刻蚀和重构等现象，我们进一步
选择表面不发生重构的 Ag(111)单晶电极作为工作电极进行研究，使得“电极/离
子液体”界面结构更简单。选择两种烷基侧链长度的 EMITFSA 和 BMITFSA 离子
液体, 通过循环伏安曲线和零电荷电位（PZC）测量了解“电极/离子液体”界面电
化学性质。在此基础上，进一步通过 EC-AFM 力曲线测量，得到在 PZC 以负的
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区间内层状结构数目、厚度和稳定性随电位的依赖性关系。结果表明：（1）在
“Ag(111)/EMITFSA”和“Ag(111)/BMITFSA”体系中，最内层层状结构的 F-E 曲线
形状基本相似：随着电位负移，最内层力值先增大后减小；（2）Ag(111)电极上
层状结构稳定性要大于 Au(111)电极，这是因为 Ag 电极上不会发生重构和刻蚀，
且在我们研究的两种离子液体体系中无特性吸附存在，所以 Ag(111)电极表面比
较稳定，离子液体层状结构稳定性也相应提高。 
 
 
 
关键词：界面电化学；离子液体；烷基侧链；二茂铁；AFM 力曲线； 
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Abstract 
Ionic liquids (ILs) are a kind of substance, entirely composed of ionic species 
and presented as liquid at and near room temperature. Compared with traditional 
electrolyte solutions, ILs have many important features, such as wide electrochemical 
window, low vapor pressure, high boiling point and good electrical conductivity, it 
have been widely used in various fields. The structure of the electric double layer of 
“electrode/ILs” interfaces, compared to the aqueous solution, has distinct 
characteristics and properties. Recent researches show that ionic liquids can form 
potential-dependent layering structures near the electrode surface, in addition to 
ordered adsorption at the surface. However, detailed and comparative investigations 
of layering structure formed in different ionic liquid systems have not been 
investigated. Also the influence of charge transfer reaction in ILs has not been 
investigated on well-defined single crystal electrode/ionic liquid interfaces, which 
hinders the understanding of reaction kinetics from structural point of view.In this 
work, we systematically investigate the interfacial structure in three ionic liquid with 
different alkyl chain length and influence ofredox species by combined EC-AFM 
force curve technique and electrochemical methods. Through study of the number, 
thickness and stability of the layering structures and their potential-dependency, we 
analyze the influence of alkyl chain length and the redox reaction to the layering 
structure, thus providing experimental evidence for gaining reasonable 
“electrode/ionic liquid” models. Results and conclusions are as follows: 
1. The potential of zero charge (PZC) of electrode-ionic liquid interfaces for 
three ionic liquid systems (EMITFSA, BMITFSA and OMITFSA) are measured 
based on charge density vs.potential curves (q-E curves)by immersion method. 
2. Effects of the alkyl chain length on the interfacial nanostructure of ionic liquid 
at the Au(111)-ionic liquids interface are investigated. Three ionic liquids are as 
follows: EMITFSA, BMITFSA and OMITFSA. EC-AFM force curve technique is 
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employed at potentials positive of and negative of PZC to investigate the number, 
thickness and stability of the layering structure. Force vs. potential curves (F-E curves) 
are constructed to display the potential-dependency of the layering structure. The 
results show that: (1) The number of the layering structure decrease as the alkyl chain 
length increase; (2) The tendency of F-E curves in three ILs behave the same way. At 
potentials close to PZC, the cations and anions loosely arranged, which lower the 
stability of the layering structure. While at the potential negative to PZC so that the 
electrode surface is positively charged, more anions attached to electrode surface 
which increase the stability of layering structure. However, too much surface charge 
will weaken the stability of the inner-most layer because of the lattice saturation of 
ions. In the potential negative to PZC, F-E curves appears similarly. (3) Rupture force 
of layered structure associated with different ions has the following sequence: 
EMI+<BMI+<TFSI-<OMI+, OMI+ has stronger structure because the long cation alkyl 
chain produces a stronger solvophobic force that increases the cohesive forces within 
layer. 
3. Effects of redox specieson the interfacial nanostructure of ionic liquid at the 
Au(111)-ILs interfaces. Ferrocene is chosen as the probe molecule to investigate the 
nanostructure of three ionic liquids of EMITFSA, BMITFSA and OMITFSA. 
EC-AFM force curvesare measured in bothregions where redox reaction takes place 
and where it does not take place. The number, thickness and stability of the layering 
structures are obtained and compared with corresponding neat ionic liquid systems. 
Also F-E curves are constructed to display the features of the layering structure. The 
results show: (1) The presence of redox species decreases the number of layering 
structure by squeezing cations into the inner-most layer, and the longer the alkyl chain, 
the greater the impact. (2) The rupture force of layered structure is increased when 
redox reaction take place, which is caused by the stronger interaction between the pi 
electron of cyclopentadienyl and the ions ofionic liquid and increased cohesive forces 
within the layer. (3) Redox species can change the thickness of layering structure. For 
short alkyl chain length, ferrocene squeeze into the gap of cations and anions. For 
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long alkyl chain length, cations unfold the side alkyl chain to let ferrocene in, which 
cause the thickness increase of the layering structure. 
4. Effect of Ag(111) electrode on the interfacial structure of EDL in ionic liquids. 
The surface etching and reconstruction of gold single crystalline electrodes mostly 
employed in current studies makes the interfacial process more complex. So we 
choose Ag(111) as working electrode to analyze the “electrode/ionic liquid” 
interfacial structure. EC-AFM force curve technique is used to measure the number, 
thickness and stability of two ionic liquids with different alkyl chain length. The 
results show that: (1) The tendency of F-E curves in two ionic liquids behave the 
same way. As the potential turns negative, the force of the inner-most layer firstly 
increased and then decreased; (2) The stability of layering structure of Ag(111) is 
greater than Au(111) because of the surface etching and reconstruction of the gold 
nanocrystalline electrode while the surface of Ag(111) is much more stable. 
 
 
Key words: Interfacial electrochemistry; Ionic liquids; Alkyl chain; Ferrocene; AFM 
force curve. 
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